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Abstract
A scalable, solar energy driven microbial spinning disc gas absorber-converter technology has been 
developed by a novel combination of advanced photoreactive biocomposite materials with a 
continuous thin film flow spinning disc bioreactor (SDBR). Chlorella vulgaris microalgae were 
incorporated into a porous paper biocomposite for the first time with the addition of chitosan for 
cell integration within the paper matrix. A 10 cm diameter SDBR with an immobilized C. vulgaris 
biocomposite paper enabled high photoactivity and CO2 biofixation at a spin speed of 300 rpm over 
15 hours of operation in the presence of bicarbonate in the liquid medium and 5% CO2 in the gas 
environment. Practically all C. vulgaris cells in the biocomposite successfully remained attached to 
the disc under conditions equivalent to 5× g at the disc edge. Overall, the increased CO2 biofixation 
with a much reduced biocomposite surface area and the high cell retention in this proof of concept 
technology highlight the bioprocess intensification potential of the biocomposite integrated-SDBR. 
Keywords: bioprocess intensification; spinning disc bioreactor; biocomposite; microalgae; C. vulgaris; 
CO2 biofixation; photosynthetic activity
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21.0 Introduction
With the exception of cell retention by hollow fibre membranes in perfusion bioreactors, 
investigation of the ability of the well-established chemical process intensification reactor designs to 
intensify the volumetric reactivity of living cells had not been well investigated. This is partially true 
of solar energy absorbing cells such as photosynthetic bacteria, cyanobacteria, and algae.  These 
microbes could be useful for absorbing, generating, or processing very large volumes of gases 
efficiently with minimal energy input if their reactivity per meter of incident solar energy absorbed 
can be substantially enhanced and their water use significantly reduced.  Thin film chemical reactor 
designs (with enhanced micro mixing, enhanced gas-liquid mass transfer, reduced liquid phase 
volume) combined with on-going cellular engineering of photosynthetic efficiency will both be 
needed to achieve process intensification of photo bioreactors as efficient gas absorbers and for 
processing large volumes of gases. 
Biocomposite materials which concentrate and deposit thin, adhesive layers of photosynthetic cells 
in the form of highly structured multilayered composites on flexible surfaces or cells concentrated 
and embedded in porous papers have been reported.1,2 Planar biocomposites enable uniform solar 
illumination and this geometry can be easily compared with the photo efficiency of natural leaves or 
photovoltaics. Such multilayered biocomposites of highly concentrated cells have the potential to 
increase the light harvesting efficiency of non-growing cyanobacteria or microalgae well beyond that 
observed in conventional photo bioreactors with the added advantage of substantially reducing 
water use.
Biocomposites can be produced by depositing concentrated immobilised microorganisms on the 
surface of substrate material, a technique referred to as a biocoating.  The support material can be 
flexible, non-porous substrates (polyester, metals) or non-woven porous substrates (papers), often 
utilising an adhesive or a latex binder to stabilize the living cells to create an environmental 
biocatalyst.1-4 These biocoatings can be formed by drawdown or ink-jet deposition, convective 
sedimentation assembly, dielectrophoresis, or coated onto papers.1, 5-7
Developments in biocoating technologies have resulted in the significant increase of microorganism 
volumetric reactivity and the stabilization of reactivity for 1000s of hours when compared to those in 
liquid media.8 For example Bernel et al. formed latex coatings on paper resulting in 5- to 10-fold 
enhanced CO2 absorption and specific O2 productivity compared to the same number of 
cyanobacteria suspended in liquid media illuminated under identical conditions.4 Often the gas 
absorbing reactivity of a biocoating is conducted above the bulk liquid phase utilising macroporous 
paper to hydrate the film by wicking the liquid to create a thin surface liquid film.2,4,9 Therefore there 
is little to no shear stress affecting the integrity of the biocoating. On the other hand, when the 
biocoating is continuously submerged or in contact with a flowing liquid film, the adhesion of the 
coating to the substrate is a key consideration. A method to achieve strong adhesion of a biocoating 
is to add a nanoporous polymer top- or sealant coatings, but this can cause diffusion limitations and 
shading of the photosynthetic microbes.1 
More recently, a novel proof-of concept work highlighted the creation of biocomposites which 
integrate photosynthetic microorganisms into a porous paper support2 and are referred to as 
microbial paper. The microbial paper is produced by blending the desired microorganisms with 
hardwood pulp, softwood pulp and microfibrillar cellulose (MFC) prior to vacuum dewatering. Such 
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3microbial papers have incorporated organisms such as Rhodopseudomonas palustris CGA009 for 
hydrogen gas production from acetate.2 The hydrogen production rate was found to be considerably 
greater using the cells stabilized in the biocomposite paper than with cells in latex biocoatings. 
Microbial paper incorporating Clostridium ljungdahlii OTA1, for the absorbance of CO from syngas 
has also recently been applied to a semi-continuous falling film reactor. On-going work with the 
microbial paper kept continuously wetted, without the use of any binders or adhesives has most 
recently demonstrated the roughness of the paper generating wavy laminar flow and increasing the 
gas-liquid mass transfer.10 
Following on from this recent advancement, the development of a microalgae biocomposite paper 
was pursued for application in the high shear environment of a spinning disc bioreactor (SDBR) 
where the biocomposite would be supplied with a thin film of continuously flowing medium.  The 
spinning disc reactor (SDR) technology utilises centrifugal forces obtained at high rotational speeds 
of between 300 to 2000 rpm typically11 to create controllable, thin films of the order of 30-500 µm 
with numerous surface ripples. Such thin films have been proven to have greater mixing12 and gas-
liquid mass transfer13 performance in comparison to mechanically stirred vessels. Moreover, in the 
context of light-activated processes, the thin film flow on a spinning surface offers short path lengths 
and very high surface areas, allowing light to penetrate evenly and efficiently into the liquid film, 
reducing photo-efficiency limitations as demonstrated in photo-polymerisation11,14-15 and catalytic 
wastewater treatment16 applications. In the SDBR, our vision is to achieve similar enhancements in 
photosynthetic bioprocesses with a fixed photoactive spinning biocomposite layer on the disc. To 
the best of our knowledge, there is no report in the literature to date of thin film flow on a rapidly 
rotating disc such as the one employed in the SDBR being applied for bioprocessing with entrapped, 
living micro-organisms. In the context of biotransformations, the examples of high speed rotating 
disc applications are restricted to enzymatic reactions.17 Although there are numerous applications 
of rotating biofilm technologies using live organisms,18, 19 these typically rotate at gentle speeds of 
below 20 rpm typically to prevent the loosely bound cells in the biofilm to detach. In the present 
work, our intention is to produce a high density of entrapped photosynthetic micro-organisms in a 
strong biocomposite structure which can remain photo-active for long periods whilst withstanding 
the high shear forces of the SDBR. In the long term, this technology has the potential to enable many 
different types of microbial biotransformations of waste carbon gases at industrial scales with 
applications to valorization of not only CO2 but also syngas (CO), biogas (CH4), and volatile organic 
carbon (VOC) pollutants. There are potentially huge beneficial implications for gas clean up 
applications whilst converting the waste carbon into valuable commodity chemicals in an 
economically feasible manner.
The microbial paper preparation method detailed by Bernal et al.2 was developed to incorporate the 
gram-negative purple non-sulfur bacterium R. palustris into a blend of hardwood, softwood and 
microfibrillar cellulose (MFC) pulp suspension prior to vacuum dewatering. However, when this 
method was applied using the unicellular, freshwater microalgae, C. vulgaris, the algal cells were not 
fully integrated within the fibre matrix. This was attributed to the zeta potential of the surface of the 
microalgae cell, which creates a stable cell suspension making settlement problematic.20 Previous 
methods to bind microbes without using adhesive waterborne binders or sealant nanoporous 
polymer topcoating include crosslinking agents such as glutaraldehyde. However these crosslinking 
agents commonly result in the damage of cell membranes, resulting in loss of viability.1 This led to 
the consideration of chitosan. Chitosan is a linear polysaccharide of d-glucosamine and n-acetyl-d-
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4glucosamine; it is commonly produced by the deacetylation of chitin exoskeletons of crustaceans 
(e.g. crab, lobster and shrimp).  Chitosan is commonly used as a flocculation agent in the harvesting 
of microalgae as it has high cationic charge density, and thus can strongly absorb the negatively 
charged algal cells surface through polymer bridging and/or charge neutralization.21 Chitosan also 
offers a unique combination of properties such as fast flocculation speeds, biodegradability, 
biocompatibility, renewability, bioactivity, ecological acceptability and adaptable physical and 
mechanical properties.21 Kaya and Picard22 have demonstrated that viable microalgae cells can be 
successfully immobilized inside chitosan screens for several weeks. In the present work, the 
methodology of Bernal et al.2 was adapted to include chitosan in the biocomposite paper 
preparation technique. 
2.0 Materials and Methods
2.1 Methodology for C. vulgaris biocomposite paper preparation
2.1.1. C. vulgaris media and growth conditions
For small scale cultures of C. vulgaris (UTEX 2714, from the UTEX Culture Collection of Algae), 2 L 
flasks containing 1 L of BG-11 medium were stirred at 100 rpm on an orbital shaker and illuminated 
with 70 μmol photons m−2 s−1 using cool white fluorescent tubes, with a light/dark cycle of 18/6 h at 
25 °C. The large scale cultures of C. vulgaris (sourced from Blades Biological Ltd., Kent, UK) were 
grown in 10 L polycarbonate carboys (Nalgene), with 9.5 L of BG-11 medium at 25 °C under cool 
white LED panels providing 65 μmol photons m−2 s−1. The carboys were aerated with filtered 
(0.2 μm) ambient air (0.039% CO2) by an aquarium pump to facilitate mixing and gas transfer.
Optical density (OD) was used to monitor the algal cultures’ growth.  A direct microscopic count was 
performed throughout the growth cycle of four C. vulgaris cultures using a Neubauer 
hemocytometer and with an Olympus BX41 microscope (Olympus America, Melville, NY). The OD 
was measured at the absorbance at 682 nm in a Jenway 7305 UV/Visible spectrophotometer 
(Jenway, Staffordshire, UK).23 The sample was diluted with a known volume of BG-11 if the optical 
density was greater than 1.0. The relationships between OD and cell count were established by 
linear regression. Optical density precisely predicted cell number (cells mL-1) (R2 = 0.9881). 
Therefore, the OD was used to calculate the volume of C. vulgaris required for a specific cell loading 
in each biocomposite formulation.
2.1.2. Chitosan preparation 
A 1% stock suspension was prepared by dispersing 1 g of chitosan (molecular weight 100,000-
300,000) (Acros Organics, Belgium) in 50 ml of de-ionised water and 50 ml 2% acetic acid (Sigma 
Aldrich). The mixture was stirred continuously overnight.23
2.1.3. Stock pulp production
Paper pulps were prepared from a known dry weight of Georgia Pacific hardwood (HW) and 
softwood (SW) pulp sheets. The HW or SW was broken down in a household blender at a high speed 
with BG-11 medium to create a final solid concentration of 0.3%. An MFC stock of 0.3% solid was 
created by blending a known weight of a 3% MFC solid slurry (Cellulose labs, Canada) at low speeds 
with BG-11 media to create an evenly disturbed suspension. The HW, SW, MFC in BG-11 stock 
slurries were autoclaved (20 min at 121 °C) and stored at 4 °C.2
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52.1.4. C. vulgaris biocomposite production
The three stock pulps were removed from the 4 °C storage conditions to allow them to return to 
room temperature. The pulp blends of HW, SW, and MFC are tuneable to change the biocomposite 
content, its basis weight (g/m2) and consequently its thickness. Calculated volumes of each stock 
pulp are added to a glass beaker and stirred at a slow speed using a magnetic stirrer. The required 
chitosan dosage is then added, and the pH of the pulp mixture adjusted from pH 3.6 to pH 7±0.27 by 
adding 5 M KOH. 
As highlighted earlier, chitosan is commonly used for the harvesting of microalgae via flocculation. It 
has been demonstrated that the flocculation efficiency of chitosan is very sensitive to pH.21 
Divakaran and Sivasankara Pillai24 demonstrated that the maximum flocculation efficiencies for 
freshwater species were achieved at pH 7.0, but the pH was lower for the marine species. At more 
neutral pH algal cells tend to have higher zeta potentials and therefore flocculation efficiency is 
enhanced via the greater electrostatic interaction between the algal cells and chitosan. However, 
differences in response to pH can occur due to difference in culture media, growth conditions, and 
unique strain properties, such as cell morphology, extracellular organic matter, and cell surface 
charge, and carbohydrate composition of the algal cell wall. 21, 23, 25 Any necessary pH adjustment in 
cell recovery applications is often made by adding base or acid directly into the cell culture24 causing 
aggressive changes in its pH. However, for a biocomposite formation as in the present study, it is 
critical to neutralise the pH of the chitosan-containing first pulp mixture before the addition of the 
algal biomass to prevent any loss in cell viability. Indeed, the study by Fierro et al.26 involving 
immobilisation of microalgae in a chitosan matrix showed that the percentage of viable cells after 
immobilization was 46-76% for the three Scenedesmus sp. tested, most likely as a result of the 
aggressive pH changes during the immobilization process. 
The required volume of C. vulgaris culture for the target biocomposite total cell loading was 
calculated from the culture OD. C. vulgaris biomass was concentrated by centrifuging at 4000g for 10 
minutes and washed twice with 20 mL of BG-11. The 20 mL cell concentrate is added to the pulp/ 
chitosan suspension and stirred at a low speed for 20 minutes with a magnetic stirrer and then left 
to sit to ensure cellular incorporation into the fibre matrix and interaction with the chitosan. A 
Whatman grade 41 filter paper was added to a leveled 89 mm diameter fritted Büchner funnel, 
wetted and vacuum-sealed to the mouth of the funnel.2 The leveled funnel was used to ensure that 
an even film was created. The algal cell/ pulp mixture was then added to the funnel and the vacuum 
reapplied until all bulk water was removed, while the mixture was agitated with a baffled mixer to 
create an even cell distribution (Figure 1A). A sample of the filtrate was collected to determine the 
absorbance at 682 nm (Jenway 7305 UV/Visible spectrophotometer, Jenway, Staffordshire, UK) and 
calculate the total cell retention. 
The algal biocomposite paper attached to the Whatman filter paper was removed from the funnel 
and the filter side placed on blotter sheets. A stainless steel disk was placed over the algal 
biocomposite side and gentle pressure was the applied by hand to remove excess water. The algal 
biocomposite was then carefully removed from the filter paper (Figure 1B) and placed in a 3D 
printed drying ring and drying plate (Figure 1C) to restrain the algal biocomposite during drying to 
stop the paper from shrinking. The ring and drying plate (Figure 1D) were printed on a Form1+ 
(FormLabs, city state) stereolithography (SLA) printer using a CAD design on Autodesk Fusion 360 
(Autodesk, San Rafael, CA). The algal biocomposite was left to dry overnight in the dark, following 
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6the observation by Gray et al.27 that aquatic and desert algae desiccated in darkness was able to 
recover higher photosynthetic quantum yields after rehydration when compared to algae desiccated 
under illumination.
Figure 1. A) The levelled fritted Büchner funnel after vacuum had been applied to create the algal 
biocomposite B) The algal biocomposite sheet after the Whatman filter paper had been removed C) 
The algal biocomposite restrained in the 3D printed ring and drying plate D) 3D printed drying ring 
and plate.
2.2. Study of the effect of nitrate supply on photosynthetic reactivity of microalgae 
paper 
As part of the development of the microalgae biocomposite paper, we also studied and compared 
the reactivity of the C. vulgaris biocomposite paper formed with and without nitrogen limitation. 
The objective was to determine the best medium to be employed for optimum retention of viability 
and uptake of CO2 in the SBDR. 
C. vulgaris biomass was concentrated by centrifuging at 4000g for 10 minutes, and washed twice 
with 20 mL of either BG-11 (NaNO3 content 17.6 mM) or a BG-11 media with a 10 fold reduction in 
NaNO3 (1.76 mM) with all other media components kept constant.4 From the washed biomass 
slurries, 0.1mL was extracted and used to inoculate either 1.99 mL of BG-11 or low-nitrogen BG-11 
(LN BG-11) in Balch tubes in triplicate. The biomass concentrate slurry was added to neutralised 
chitosan pulp suspended in BG-11 or LN BG-11. The C. vulgaris biocomposite paper was made 
following the method described in section 2.1.  The following biocomposite paper characteristics 
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7were used for this comparison: basis weight 80 g/m2, MFC content 50%, cell loading 
2.3x1012±3.25x1011per m2 of biocomposite surface, total chitosan addition 40 mg. 
In order to compare the biocomposites with the latex biocoatings created by Bernal et al.4 the same 
surface areas (corresponding to 14 mm diameter discs) were punched from the BG-11 and LN BG-11 
biocomposite papers with an arch punch (Osborne punches, McMaster Corp, Chicago, IL, USA). The 
14 mm diameter discs were held to one end of sterile folded 3MM chromatography paper (3MM 
Chr, Whatman International Ltd., Maidstone, England) (2 cm x 14 cm) with a sterile paper clip4,9 in 
triplicate. The C. vulgaris biocomposite was suspended in Balch tubes containing 2 mL of BG-11 or LN 
BG-11 to correspond to the washing method. A 1 cm section of the bottom part of the 
chromatography paper was immersed in the medium so that the C. vulgaris biocomposite was 
hydrated by wicking of the media from the bottom of the tube to the top of the paper.4 Abiotic 
controls were prepared by placing chromatography paper strips of identical dimensions into Balch 
tubes containing the same volume of BG-11 medium.  All the Balch tubes were sealed and flushed 
for 2 min with a gas mixture of 95 vol.% air and 5 vol.% CO2 at 1500 SCCM. All tubes were vented 
using a water trap to ensure they were not over-pressurised. All tubes were illuminated with 
approximately 70 μmol photons m−2 s−1 using cool white fluorescent bulbs perpendicular to the 
culture, with a light/dark cycle of 18/6 h at 25 °C without shaking. The reactivity, determined by gas 
analysis at regular intervals, was screened over a 130 h period. 
Gas analysis was performed at regular intervals by removing 1 mL gas sample from each tube at the 
same time point. The gas samples were stored in gas-tight syringes (SGE, Inc., Austin, TX, USA) with 
removable Luer-lock push-button dispenser valves (SGE) and stored at 25 °C until ready to test. After 
the gas samples were taken all tubes were replenished with gas as described above. The gas 
samples were analysed via gas chromatography using an Agilent 7890A GC instrument (Agilent 
Technologies, Santa Clara, CA) equipped with a Carboxen 1000 column (60–80 mesh, Supelco, 
Bellefonte, PA, USA) and a thermal conductivity detector (TCD). Helium was used as the carrier gas 
at a flow rate of 30 mL/min, the temperature was set at 150 oC for both the injector and detector. 
The oven had an initial temperature of 35 °C, which was held for 6.5 minutes, and was programmed 
to then ramp to 225 C with a rate of 20 C/min. The reactivity based on CO2 consumption and O2 
production was calculated from individual calibration curves for CO2, O2 and N2 in the range of 0.5-
20 vol.% CO2, 0.4-21.0 vol.% of O2 and 78.1-99.6 vol.% of N2. 
2.3. Study of effects of microalgae biocomposite paper composition on 
photosynthetic reactivity
The effects of four key variables on the photosynthetic reactivity were studied. The variables were 
chitosan loading (mg), MFC content (% of total pulp dry weight), total cell loading (based on a 
biocomposite surface area of 62.2 cm2), and biocomposite basis weight (g/m2). A central composite 
design (CCD) was used to substantially reduce the number of experiments necessary to predict the 
variables for improved biocomposite performance. CCD allows the statistical analysis of significance 
of variables determined as well as the effects of variable interactions, which is often not possible 
when varying one factor or variable at a time.28 A CCD was obtained and statistically analysed using 
Minitab software (release 17, Minitab Inc., State College, PA). The four independent variables were 
evaluated at five levels (−α, −1, 0, +1, + α) with 31 experimental runs and seven repetitive central 
points. The replication at the centre points is a necessary feature to account for internal error. The 
plan of CCD in coded levels of the four independent variables is as shown in Table 1. 
Page 7 of 29
ACS Paragon Plus Environment
Industrial & Engineering Chemistry Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
8Table 1. Experimental range and level of independent variables
Code Variable -α -1 0 +1 +α
X1 Chitosan dosage 
(mg)
15 30 45 60 75
X2 MFC (% content) 5 20 35 50 65
X3 Total cell loadinga, 
1.5x 
107 108 109 1010 1011
X4 Biocomposite basis 
weight (g/m2)
35 50 65 80 95
aCell loading on a biocomposite paper of surface area 62.2 cm2
The C. vulgaris biocomposite was produced according to the method described in section 2.1. The 
chitosan dosage, MFC content (%), total cell loading (1.5x10x based on biocomposite surface area of 
62.2 cm2), and the biocomposite basis weight (g/m2) were adapted in accordance with the CCD. The 
SW and HW pulp content were kept in equal parts minus the MFC fraction. After drying overnight 
four 8 mm diameter discs were punched from the biocomposite papers with an arch punch and 
rehydrated with 0.5 mL BG-11 media. The discs were left for five hours at 25 °C and illuminated 
under cool white LED panels providing 65 μmol photons m−2 s−1 before photosynthetic activity 
analysis was performed 
2.3.1 Chlorophyll fluorescence imaging
O2 production and CO2 uptake reflect the performance of the photosynthetic apparatus, and 
consequently physiological status of the algal cells. The monitoring of the photosynthetic reactivity 
via oxygen production and CO2 uptake from gas chromatography is a reliable and sensitive 
technique but extremely time consuming. A powerful tool that as yet has not been utilised for algal 
biocomposites and biocoatings is fluorescence measurement with a pulse-amplitude-modulated 
(PAM) fluorometer. Although PAM cannot be used to quantify the entrapped cell number29, this fast 
method provides a sensitive tool for the analysis of the quantum yield of the photosynthetic light 
reaction, which is important for plant photosynthesis and ultimately productivity as photochemistry 
is used to provide energy and reducing power for CO2 assimilation.30, 31 
In this study, a PAM fluorometer was employed to assess photosynthetic reactivity of the 
microalgae biocomposite papers in the composite design screening study. Chlorophyll fluorescence 
measurements (Fo, Fm, and Fv/Fm) were conducted on the rehydrated C. vulgaris biocomposite disc 
using an Imaging-PAM chlorophyll fluorometer (Maxi-Imaging-PAM, Walz, Effeltrich, Germany). 
Before starting measurements, the samples were transferred onto a glass slide and were kept in the 
dark for 20 minutes to ensure that all reaction centres of the photosystem II (PSII) were open. The 
maximum quantum efficiency of PSII photochemistry was determined as Fv/Fm, which is calculated 
according to equation 1: 
Fv/Fm = (Fm - Fo)/Fm                             (Equation 1)
where Fm and Fo are the maximal and minimal chlorophyll fluorescence yields respectively. Images 
of the C. vulgaris biocomposite Fv/Fm were captured and the qualitative data obtained from 
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9ImagingWin software v2.41a (Heinz Walz GmbH, Effeltrich, Germany). The average Fv/Fm value of 
the 4 replicates was added to the CCD model and statistically analysed using Minitab software.
2.4. Development of a Spinning Disc Bioreactor 
2.4.1 Screening C. vulgaris biocomposite response to desiccation and shear stress  
After initial production and assessment of the “fresh” biocomposites via PAM as described in section 
2.3, the C. vulgaris biocomposite papers were kept dried in the dark for a minimum of 1 week 
(average 13.1±6.1 days). Three 8 mm diameter discs were punched from the biocomposite papers 
with an arch punch and rehydrated for 24 hours with 0.5 mL BG-11 media. The discs were left for 24 
hours at 25 °C and illuminated under cool white LED panels providing 65 μmol photons m−2 s−1 with a 
16/8 h light/dark cycle. 
To assess the effect of shear on the mechanical integrity of the paper, the 8 mm diameter C. vulgaris 
biocomposite disc was inserted into the polytetrafluoroethylene (PTFE) tip of an OrigaTrod rotating 
disc electrode (Origalys, France) (Figure 2). The electrode tip was placed in a glass cell containing 10 
mL BG-11 with the biocomposite disc immersed approximately 0.5 mm below the liquid surface and 
illuminated with cool white LEDs. The disc speed was set to 2000 rpm and the biocomposite was 
spun for 30 minutes. The maximum quantum efficiency of PSII photochemistry (Fv/Fm) was assessed 
via PAM following the method described in section 2.3.1. The average Fv/Fm value of the 3 replicates 
was added to the CCD model and statistically analysed using Minitab software. 
Figure 2. The OrigaTrod rotating disc electrode (Origalys, France) 
inserted into the glass cell. The rotating disc electrode is capable 
of spinning between 100 to 10,000 rpm.
2.4.2. Adhesion tests
It was found that a pH neutral spray adhesive (3M Photo Mount Spray Adhesive, Permanent) was 
able to hold the composite paper onto a 316 stainless steel polished surface at high rotation rates 
(up to 1000 rpm) and with the paper being continually wetted. The spray mount required the paper 
to be totally dry before application and once applied the adhesive had to cure over 24 hours. The 
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effect of the adhesive on the Fv/Fm value was investigated by attaching three 8 mm diameter 
punches of C. vulgaris biocomposite paper to the stainless steel disc surface taken from a spinning 
disc reactor (SDR) with the pH neutral spray adhesive. The punches attached to the disc were 
rehydrated with BG-11 for 24 hours at 25 °C and illuminated under cool white LED panels providing 
65 μmol photons m−2 s−1 with a light/dark cycle of 16/8 h. Controls were created by taking 3 punches 
from the same biocomposite paper and rehydrated under the same conditions with no exposure to 
the adhesive. The biocomposite punches maximum quantum efficiency of PSII photochemistry 
(Fv/Fm) was assessed using the method described in section 2.3.1.
2.4.3. Evaluating microalgae CO2 uptake in the SDBR
The C. vulgaris biocomposite was evaluated in a 10 cm diameter disc SDR illuminated by cool white 
LEDs to create a spinning disc bioreactor (SDBR) (Figure 3). 
Figure 3. The novel C. vulgaris biocomposite was 
combined with an SDR illuminated by cool white LEDs to 
create a spinning disc bioreactor (SDBR).
To safely apply the light across the spinning surface of the SDBR cool white LEDs were integrated 
into a transparent poly (methyl methacrylate) (PMMA) lid. The integrated LED provided 120 
μmol photons m−2 s−1 of illumination to the disc surface.  An 89 mm diameter C. vulgaris 
biocomposite was attached to a 10 cm stainless steel disc with a pH neutral spray adhesive (3M 
Photo Mount Spray Adhesive, Permanent), and left to cure overnight in the dark under ambient 
conditions of 18 oC and average relative humidity of 75%. The stainless steel disc was driven by a 125 
W electric motor. The rotational speed was controlled by a digital speed controller and set to 300 
rpm. Cooling water was recirculated underneath the disk surface through a temperature-controlled 
water bath to keep the disc temperature constant at 25 °C. A feed distributor (shown in Figure 4) 
was located through the centre of the lid and was used to introduce BG-11 liquid medium (with 
sodium bicarbonate buffer solution as required) directly onto the centre of the biocomposite paper 
coated disc surface at a distance of 2.0 mm above the surface, via a peristaltic pump (Watson 
Marlow pump 505S). The liquid flow rate was set to 3 mL s-1. A pulse dampener was used in the 
discharge line of the peristaltic pump to provide a smooth flow onto the rotating disc.12 The BG-11 
medium was discharged at the bottom of the SDR, where it was collected and recirculated around 
the disc. Liquid samples were collected to determine the extent of cell leaching by measuring optical 
Microalgal 
biocomposite paper 
attached to disc 
surface
Cool white LEDs 
in reactor lid 
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density at the absorbance at 682 nm. Liquid samples were also collected for monitoring the 
dissolved inorganic carbon species present in the medium as described in section S1 of the 
Supporting Information material. 
A 5% CO2 in air gas blend or ambient air was added centrally via multiple outlets located radially 
around the feed distributor (Figure 4). The gas flow was set to 1 L min-1 via a rotameter and flowed 
through the SDR into a fume hood. Three experiments were run for a total of 15 ‘spinning’ hours 
each, conducted typically over three days in 5 hour run times. Table 2 highlights the carbon sources 
used in each experiment. 
Table 2.  Carbon sources evaluated using C. vulgaris 
biocomposites in a spinning disc bioreactor
Carbon source
Experiment NaHCO3 (g L-1) Composition of gas
1 2 5% CO2 in air
2 2 0.04% CO2 in air 
(ambient air)
3 0 5% CO2 in air
Figure 4. The feed distributor for gas and liquid distribution.
3.0 Results and Discussion
This is the first report of microalgae being integrated into a porous paper matrix for carbon dioxide 
uptake using a thin liquid film reactor with micro mixing and gas-liquid mass transfer enhanced by a 
spinning disc. The addition of chitosan as a constituent of the paper matrix is a key step in 
maintaining a stable, fully integrated cell mixture during the incorporation period (Figure 5). As well 
as facilitating the integration of the microalgal cells, chitosan also appears to exhibit other desirable 
properties which enhance the resistance of the cells to dehydration and shear stress in the 
biocomposite structure, as will be discussed later.
Page 11 of 29
ACS Paragon Plus Environment
Industrial & Engineering Chemistry Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
12
   Figure 5. The integration of Chlorella Vulgaris cells into the paper matrix (20/40/40 
MFC/hardwood pulp/softwood pulp) after being left for 15 minutes A) without chitosan B) with the 
addition of 20 mg chitosan.
3.1. Effect of nitrate supply on photosynthetic reactivity and comparing algal 
biocomposites to latex-biocoatings
A screening experiment was performed to determine the effect of nitrate supply on the reactivity of 
the C. vulgaris biocomposite and to compare its reactivity to those of previously developed 
photosynthetic biocoatings. The biocomposite paper characteristics used for this comparison were: 
basis weight 80 g/m2, MFC content 50%, cell loading 2.3x1012±3.25x1011 per m2 of biocomposite 
surface, total chitosan addition 40 mg.
The novel C. vulgaris biocomposite was reactive when left in static sealed Balch tube reactors (Figure 
6A and B). The C. vulgaris biocomposite paper prepared with BG-11 had a significantly higher 
reactivity than the C. vulgaris biocomposite paper prepared with LN BG-11, yielding an average CO2 
uptake rate of 4.61±0.25 and 3.62±0.08 mmol m-2 h-1 respectively (Table 3). As expected, the 
biocomposite papers were also observed to be more reactive than the suspended cultures due to 
higher cell concentrations deposited on the papers. The C. vulgaris biocomposite paper prepared 
with BG-11 had a higher average CO2 uptake rate when compared to cyanobacteria-latex biocoatings 
prepared with Synechocystis PCC6803 and Anabaena PCC7120 at 3.70±0.18 vs. 1.18±0.09 mmol m-2 
h-1 respectively (Table 3). 
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Figure 6. Photoreactivity of hydrated C. vulgaris biocomposites and suspended cells A) 
cumulative carbon dioxide consumption B) cumulative oxygen production.
The ratio between O2 evolution rate and CO2 uptake rate (the photosynthetic quotient, PQ) depends 
on the composition of the produced biomass and the substrates that are utilised. A PQ value of 1.3-
1.4 is to be expected when nitrate is present as the sole nitrogen source. In Table 3, the PQ of 
1.29±0.15 for the LN BG11 C. vulgaris biocomposite paper suggests that despite washing the cells 
twice in LN BG-11 a source of nitrates (NO3-) is available to the cells.32 It is unlikely that the paper 
pulp may be providing a nitrate source as wood contains low quantities of nitrogen, and nitrates 
have to be added to pulp and paper industry wastewater have to be treated in activated sludge 
A
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bioreactors.33,34 However, paper pulp is known for its property to immobilize nitrogen sources; 
therefore, although the pulp stocks were made in LN BG-11, it is likely that the nitrates were 
immobilised onto the pulp and were not removed during the vacuum process. The biocomposite 
therefore retained higher levels of nitrates than the cells suspended in LN BG11. One other 
possibility is that the C. vulgaris cells in the biocomposite were using the chitosan as a source of 
nitrates. Recent work by Blank and Hinman35 demonstrated that multiple algal strains were able to 
grow on chitin and/or chitosan as a sole source of nitrogen. 
A high average PQ of 1.85±0.150.77 (data not shown) was observed for the C. vulgaris cell 
suspensions in the LN BG-11. Laws36 stated that PQ values of 1.8 are representative of protein and 
lipid synthesis. Several studies have found that under nitrogen limitation lipid production is 
increased in all microalgal species.37, 38 Therefore it is likely that the PQ value of 1.8 is a reflection of 
biomass synthesising lipid under nitrate limitation.  
Table 3. Average O2 production and CO2 consumption rates and PQ gained by 1.54 cm2 of C. 
vulgaris biocomposites compared with cyanobacteria-latex biocoatings. All experiments were 
performed with BG-11 media unless stated (LN BG-11 – low nitrogen BG-11). Data displayed are 
the mean of 3 triplicates ± standard deviation.
Organism Immobilisation 
method/ suspension
O2 average production
(mmol m-2 hr-1)
CO2 average 
consumption
(mmol m-2 hr-1)
PQ Reference
Synechococcus 
PCC7002
Biocoating
Solvent-free acrylate 
copolymer latex binder 
7.05±0.29 5.67±0.29 ~1.3 4
Synechocystis 
PCC6308
Biocoating
Solvent-free acrylate 
copolymer latex binder
6.58±0.30 5.13±0.23 ~1.3 4
Synechocystis 
PCC6803
Biocoating
Solvent-free acrylate 
copolymer latex binder
4.91±0.10 3.70±0.18 ~1.3 4
Anabaena 
PCC7120
Biocoating
Solvent-free acrylate 
copolymer latex binder
1.66±0.11 1.18±0.09 ~1.4 4
Chlorella 
Vulgaris 
Biopolymer
Porous paper pulp, 
microfibrillar cellulose, 
chitosan matrix
5.94±0.62 4.61±0.25 1.32±0.22 This work
Chlorella 
Vulgaris 
Biopolymer
Porous paper pulp, 
microfibrillar cellulose, 
chitosan matrix
(LN BG-11)
4.45±0.36 3.62±0.08 1.29±0.15
This work
The surface area reactivity the C. vulgaris biocomposite was very similar to that of the 
cyanobacteria-latex biocoatings (summarized in Table 3). However, when comparing the specific 
average O2 production rates (pmol cell-1 hr-1) the biocomposite showed significantly lower reactivity 
per cell when compared to biocoatings and suspended cells (Table 4). These data suggest that only 
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cells on the top surface of the biocomposite are photosynthetically active. When testing 
Rhodopseudomonas palustris integrated microbial biocomposites Bernal et al.2 noted that 
biocomposites with a 60 % MFC content pulp blend had the highest cumulative H2 production but 
the lowest specific H2 production when compared with biocomposites with 0, 20, 40% MFC content.  
It was concluded that the specific reactivity drop may be due to the barrier properties of MFC 
reducing gas permeability, and light availability to cells deeper in the biocomposite layer. The C. 
vulgaris biocomposite in this preliminary study had a relatively high 50% MFC content which may be 
responsible for the low specific O2 production.  The cell retention of C. vulgaris was not affected by 
the MFC content but rather required the addition of chitosan for cell integration. Although C. 
vulgaris biocomposites papers could be made with high cell retentions without the addition of MFC, 
the MFC content, however, is necessary for mechanical strength with flexibility and cannot entirely 
be excluded from the paper preparation method especially if the biocomposite paper is to withstand 
high shear stresses. From these preliminary findings and the work of Bernal et al.2 it is evident that 
the C. vulgaris biocomposite reactivity can be increased by tuning the paper composition, which is 
further discussed in section 3.2.  
Table 4. Specific average O2 production rates (qO2) by 1.54 cm2 of C. vulgaris biocomposites 
compared with cyanobacteria-latex biocoatings and suspended cultures. All experiments were 
performed low-nitrogen (LN) BG-11 media unless stated. Data displayed is the mean of 3 
triplicates ± standard deviation.
Immobilized Suspension
Organism Immobilization 
method
O2 average production x10-3
(pmol cell-1 hr-1)
O2 average production x10-3
(pmol cell-1 hr-1)
Reference
Synechococcus 
PCC7002
Biocoating
Solvent-free 
acrylate 
copolymer latex 
binder
55.4±9.25 5.81±1.09 4
Synechocystis 
PCC6308
Biocoating
Solvent-free 
acrylate 
copolymer latex 
binder
57.2±10.3 8.22±1.83 4 
Synechocystis 
PCC6803
Biocoating
Solvent-free 
acrylate 
copolymer latex 
binder
40.9±8.36 5.55±3.04 4 
Chlorella 
Vulgaris 
Biopolymer
Porous paper 
pulp, 
microfibrillar 
cellulose, 
chitosan matrix
1.81±0.28 8.55±3.76 This work
Chlorella 
Vulgaris 
(BG-11)
Biopolymer
Porous paper 
pulp, 
microfibrillar 
cellulose, 
1.56±0.20 6.81±3.44
This work
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chitosan matrix
3.2. Study of effects of microalgae biocomposite paper composition, dessication and 
shear stress on photosynthetic reactivity 
The results for the CCD experimental design on the maximum quantum efficiency of PSII 
photochemistry (Fv/Fm) of “fresh” biocomposites (representing C.vulgaris biocomposites only dried 
overnight before being rehydrated) and biocomposites exposed to longer periods of desiccation and 
shear stress are shown in Table S1. The maximum Fv/Fm achieved was 0.593 and the minimum was 
0.161. Malapascua et al. stated the maximum values of the FV/Fm ratio usually range between 0.7 
and 0.8 in normal, non-stressed microalgae.27 There are many reports of suspended cells grown in 
autotrophic or mixotrophic conditions showing similar Fv/Fm values of ~0.6 through the entire 
cultivation period.39-41. Some of the lower values obtained in this study are likely due to a certain 
degree of self-shading of the entrapped microalgae in the biocomposite structure.
The CCD model for the “fresh” biocomposite highlights that the chitosan dosage, MFC content, and 
the total cell loading have a significant impact on the maximum quantum efficiency of PSII 
photochemistry (Fv/Fm) of “fresh” C. vulgaris biocomposite (Table S2). Higher Fv/Fm values are 
expected at higher cell loading whereby there is a likelihood for more active cells to accumulate 
close to the top surface, rather than be entrapped in the lower layers of the biocomposite matrix, 
shielded from the light source. Such high cell loadings would require greater levels of chitosan 
and/or MFC to ensure cell retention and retain mechanical integrity of the biocomposite.    
The basis weight was not significant (p=0.822), which suggests that only the upper surfaces exposed 
to light will be reactive and however low the basis weight (which is directly related to the 
biocomposite paper thickness) is, this will have no impact on efficiency of the light penetration and 
absorption. However, interestingly the interaction between chitosan dosage and basis weight has a 
significant impact on the Fv/Fm (p=<0.001).  The contour plots and 3D response surface graphs of 
significant variable interactions for the ‘fresh’ C. vulgaris biocomposite are shown in Figures 7A-D. 
Figures 7A and B indicate that higher Fv/Fm values were achieved at either low chitosan levels and 
high basis weight or high chitosan levels and low basis weights. Chitosan additives can be used as a 
filler (i.e act as a porosity reducing agent) in paper production to improve several properties such as 
increased smoothness, decrease of water adsorption, and increase of wetting time.42 A decrease in 
paper permeability has previously also been observed with increasing basis weight.43 Therefore it is 
likely that lower cell viability is obtained with high chitosan dosages and high basis weights due to a 
significant reduction in the biocomposite permeability. Scanning electron microscopy (SEM) imaging 
of the microalgal biocomposites with a 45 mg chitosan dosage and 30 mg dosage chitosan confirms 
the significant difference in the porosity of the biocomposite (Figure 8). However, at low basis 
weights (and higher permeabilities), increased amounts of the chitosan may support greater cell 
viability by counteracting the greater exposure to environmental shock at lower basis weights. 
Chitosan is known to support cell viability in suspended and immobilized cells.26, 35 Therefore, higher 
chitosan dosage may be helpful in forming a nitrogen rich barrier to prevent osmotic shock and 
desiccation during the biocomposite preparation. 
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The characteristics of chitosan can be influenced by many factors such as pH, salinity and 
temperature.21 A widely researched application of chitosan is the flocculation of microalgae; 
however, the process is still poorly understood and no standard conditions have been identified due 
to the different biological characteristics of different algal strains.23 Nevertheless, Cheng et al.23 
concluded that carbohydrate content significantly influences cell flocculation of C. vulgaris with 
chitosan. Therefore, the high carbohydrate content of the paper pulp could also be playing a 
significant role in this result, by changing the characteristics of the chitosan.  
Figure 7.  Response surface and contour plots for the maximum quantum efficiency of PSII 
photochemistry (Fv/Fm) for ‘fresh’ C. vulgaris biocomposites as a function of: A) and B) basis weight 
and chitosan dosage. C) and D) MFC content and total cell loading*. E) and F) Response surface and 
contour plots of Fv/Fm of biocomposites post desiccation and spinning at 2000rpm as a function of 
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chitosan and total cell loading* (*cell loading values shown on these plots correspond to a 
biocomposite surface area of 62.2 cm2). 
Figure 8. Scanning electron microscopy (SEM) images of A) biocomposite 
with a 45 mg chitosan dosage and B) 30 mg dosage chitosan.
The interaction between total cell loading and MFC content was also significant (p=0.004). The 
surface response and the contour plots (Figure 7C and D) demonstrate that the highest Fv/Fm value is 
achieved with the highest total cell loading of 1.5x1011 and low MFC content (<20%). Between 
1.8x108-1.5x1010 cell loading, higher Fv/Fm values are obtained with increasing cell numbers across all 
MFC content ranges and beyond a total cell loading of 1.2X1010 the effect of the MFC content 
becomes insignificant. Bernal et al.2 also achieved high cell reactivity at high total cell loading but 
with MFC contents between 40-60%. However, in the latter study, total cell loading was dependant 
on MFC content, as an increase in MFC content increased cell retention,2 contrary to the present 
findings. Here, the presence of chitosan which is known to act as a bridging structure21 may 
contribute not only to cell retention but also to the mechanical integrity to the biocomposite matrix 
so that the incorporation of high levels of MFC content for these functions may not be so critical. 
The results from Table S1 show that although some C. vulgaris biocomposites did not survive 
desiccation and spinning, many had increased Fv/Fm values (e.g runs 5, 9, 11, 12, 26, 30). The highest 
Fv/Fm values of 0.593 was achieved after desiccation and spinning for run 26. Gray et al.27 found that 
C. vulgaris algae recovered very poorly after just 24 hours desiccation with the Fv/Fm decreasing to 
~0.18 from ~0.7. The quadratic model from equation S7 was used to create a contour plot and 3D 
response surface graph of significant variable interactions between chitosan dosage and total cell 
loading for the desiccated and spun C. vulgaris biocomposite (Figure 7E and F). Higher recovery Fv/Fm 
values were achieved at high chitosan levels and high total cell loading. As proposed above chitosan 
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is known to support cell viability in suspended and immobilized cells.26, 35 Therefore, higher chitosan 
dosage may form a nitrogen rich barrier to maintain the membrane integrity and fluidity when 
desiccated and stored in darkness. Khantayanuwong et al.44 noted that most of the mechanical 
properties of chitosan-treated handsheets such as the bursting index, folding endurance, tensile 
index, modulus of elasticity and tensile energy absorption were greatly increased with the addition 
of chitosan to paper pulp. Therefore it is likely the high chitosan dosage greatly improved the 
biocomposite qualities and protected the cells from high shear. SEM imaging of a C. vulgaris paper 
with a total cell loading of 2.4x1013 cells per m2 of biocomposite surface and a chitosan dosage of 45 
mg was conducted after being desiccated for 2 months (Figure 9). It clearly shows the polymeric 
netting and bridging function of the chitosan,21 coating and spreading across the entrapped cells. 
This, to the best of our knowledge, is the first time that algae cells have been shown to thrive after 
exposure to long periods of desiccation and shear stress.
Figure 9. Scanning electron microscopy (SEM) images of a C. vulgaris 
biocomposite with a 45 mg chitosan dosage and a total cell loading of 
2.4x1013 cells m-2 of biocomposite surface.
In summary, key variable interactions were identified from the CCD modelling study in the making of 
the C. vulgaris biocomposite paper for achieving PSII yield efficiency as high as 0.6 both before and 
after dessication and high shear stress application. The photosynthetic reactivity data gathered in 
this comprehensive study of microalgal biocomposite paper constituents highlight Fv/Fm 
measurement to be an extremely sensitive tool to quickly screen the effect of biocomposite 
composition on the maximum quantum efficiency of PSII photochemistry (Fv/Fm) of the isolated 
photosynthetic cells. In order to apply the method to photosynthetic biocoatings, the potential 
effect of the adhesives on the photosynthetic cells fluorescence would need to be carefully assessed. 
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Running blank adhesive samples is also recommended to determine if they would add to any 
fluorescence signal. 
3.3. Development of a spinning disc bioreactor (SDBR)
3.3.1. Effect of adhesives on the C. vulgaris biocomposite reactivity
In order to apply the C. vulgaris cellulose pulp biocomposites to the SDBR it is critical that it is firmly 
held in place when full hydrated to prevent its disintegration and potential damage and/or blockage 
of the SDBR. It was found that a pH neutral spray adhesive (3M Photo Mount Spray Adhesive, 
Permanent) was able to hold the composite paper on the stainless steel surface of the SDBR even 
when spinning at high speeds and with the paper being continually wetted. As the spray adhesive is 
likely to penetrate into the paper, it was decided that a higher basis weight of 95 g/m2 (and 
therefore a thicker biocomposite paper) than suggested by the CCD results should be used to limit 
contact between the adhesive and the reactive layer of cells on the top of the biocomposite. 
Using the information gained from screening of key biocomposite variables and their interactions 
with the PAM, the C. vulgaris composition in the biocomposite paper used in the SDR was set at: 
chitosan- 75 mg, MFC- 10%, cell loading: 8.8x1012/m2 of biocomposite surface, and basis weight 95 
g/m2. At these variable levels equation S6 predicted an Fv/Fm of 0.473. The C. vulgaris biocomposite 
attached to the stainless-steel plate gave a Fv/Fm value of 0.464±0.02, whilst the control 
(biocomposite paper without adhesive) gave a significantly higher Fv/Fm value of 0.512±0.011. It is 
likely that this drop in value in the presence of the adhesive is due to it permeating to the top 
surface of the biocomposite paper and partly blocking the pores of the biocomposite. Figure 10A 
shows SEM imaging of the surface of a C. vulgaris biocomposite treated with the pH neutral spray 
adhesive. The red square shows a representative section where the open porous structure under the 
adhesive spray is visible whilst the porosity of a significant part of the surface appears to be reduced. 
The spray on the underside of the biocomposite paper seems to permeate to some extent to the top 
surface where the cells absorb light, thus reducing their photosynthetic reactivity to a small extent. 
One other important aspect of the spray adhesive was for it to be extremely strong especially under 
conditions of high shear for application in the SDBR. The strength of the adhesive is demonstrated in 
Figure 10B which shows the adhesive layer applied to the biocomposite still intact after being spun 
on the disc for a few hours and thereafter soaked in acetone for 15 minutes and having to be 
scrapped off with a metal spatula for complete removal from the surface.
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Figure 10. A) Scanning electron microscopy (SEM) images of a C. vulgaris biocomposite treated with 
a pH neutral spray adhesive. The red box highlights the porous biocomposite structure under the 
adhesive layer. B) the adhesive layer still intact after being soaked in acetone and scrapped with a 
spatula.
3.3.2. Evaluating cell retention in SDBR
One important observation from the tests carried in the SDBR is that practically all C. vulgaris 
biocomposites successfully remained attached to the stainless steel throughout the 15 hour 
rotational period at 300 rpm, as determined from the leaching tests in the flowing liquid exiting the 
SDBR after contacting the biocomposite paper. An approximate cell release of only ~0.22% of the 
total cell loading was estimated from the OD of the liquid medium. It is likely that this release came 
from damage created when screwing the stainless-steel plate onto the spinning disc surface causing 
minor tears around the edge of the biocomposite, this can be seen in the Fv/Fm images taken 
throughout the experimental run time (Figure S2). To the best of our knowledge this is the highest 
rotational speed immobilized algae have been spun at. The disc set-up could be spun at speeds as 
high as 2400 rpm; however the decision to operate at 300 rpm was made in order to maximise the 
contact time between the liquid medium, the gas phase and the biocomposite paper immobilised on 
the disc surface whilst still providing a thin enough liquid film (of the order of 100 m) on the disc for 
the light to penetrate through. Although rotating biofilm technologies have long been successfully 
applied in wastewater treatment applications,19 they generally must operate under gentle rotation 
at below 20 rpm typically to prevent the growing cells from detaching from the surface of biofilm 
structure. Biofilm photobioreactor designs that have been proposed for wastewater treatment 
include rotating spools, rotating brushes, vertical sheets, tubular flow cells, and horizontal flow cells. 
Blanken et al.45 noted that the main disadvantage the above systems share is limited control of 
microalgae species. Therefore, biocomposites could provide a novel way of controlling the 
microalgal species while at the same time chitosan and cellulose could act as effective adsorbents 
for the removal of heavy metal ions from wastewater.46
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3.3.3. Photosynthetic activity and Dissolved Inorganic Carbon (DIC) speciation to 
monitor C. vulgaris biocomposite CO2 uptake in SDBR
Data extracted from the PAM imaging analysis shown in Figure S2 indicate that the maximum 
quantum efficiency of PSII photochemistry (Fv/Fm) of C. vulgaris biocomposites in the SDBR increased 
in the presence of NaHCO3 in the liquid medium both with and without CO2 in the gas phase (Table 
5). In stark contrast, in the presence of only 5% CO2 in the gas phase (i.e without NaHCO3 in the liquid 
medium), the maximum quantum efficiency of PSII photochemistry of the C. vulgaris biocomposite 
dropped to 0.099±0.02. This drop in photoactivity suggests that the non-availability of readily 
accessible CO2 in bicarbonate form may impact on cell viability. Experiment 3 also had the highest 
average dissolved CO2 concentrations of 8281±1760 μmol kg-1 (Figure 11D); it is likely the 
photosynthetic efficacy was further inhibited by the high level of dissolved CO2. It has been observed 
that fast inhibition of photosynthesis occurs under high CO2 concentrations, most likely as a result of 
the inactivation of enzymes that play a key role in the Calvin cycle.47 In comparison, dissolved CO2 
concentrations ranges of 107 μmol kg-1 to 1500 μmol kg-1 are commonly found in bubble column 
photobioreactors.48 
Table 5. Effect of carbon source on photosynthetic activity of C. vulgaris 
biocomposite in SDBR
Carbon source Maximum quantum efficiency of 
PSII photochemistry (Fv/Fm)
Experiment NaHCO3 
(g L-1)
Composition of 
gas
Initial (t=0) Final (t=15 hours)
1 2 5% CO2 in air 0.368±0.004 0.514±0.072
2 2  0.04% CO2 in air 
(ambient air)
0.344±0.07 0.520±0.067
3 0 5% CO2 in air 0.305±0.06 0.099±0.02
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Figure 11. Results for experiments 1,2, and 3 conducted on a SDBR with a control blank disc (CD) and 
the C. vulgaris biocomposite (BC) A) The pH B) Bicarbonate (HCO3-) C) Carbonate (CO32-) D) Dissolved 
carbon dioxide (CO2).
The ratio of the three different DIC species (dissolved CO2, HCO3− , and CO32−) is determined by the 
pH of a system, whether in equilibrium with the atmosphere or not.49-51 The average pH in the 
biocomposite run in experiment 1 was higher at 8.05±0.19 when compared to the blank at 
7.73±0.20. Variations in pH may occur in two principal ways. Firstly, CO2 dissolution from the gas 
stream in contact with the liquid flowing across the disc whether a biocomposite is present or not 
causes a decreases in pH. Secondly, in the presence of biocomposite, the pH may increase as CO2 is 
removed from solution during photosynthesis which also generates hydroxide ion as the algae 
consumes the CO2. Therefore, pH has a tendency to rise as result of photosynthesis as highlighted in 
Figure 11A when the biocomposite is present. The increased pH as a result of photosynthesis shifts 
the equilibrium to more CO32- formation relative to the other DIC components (Figure 11C and 12B). 
In Figure 12 which displays only the data generated in experiment 1 for the blank disk run (i.e with 
no microalgae) vs. the biocomposite coated disk for clearer visualisation, the HCO3- concentration 
increased by the end of the total run time by 14.9% for the blank and by 3.5% for the biocomposite 
coated disk (Figure 12A). In the blank disk run, the increase is likely due to some of the constantly 
supplied gaseous CO2 being converted to HCO3- due to the equilibrium relationships in equations 2 
and 3: 
              (Equation 2)CO2 + H2O  ⇿H2CO3
             (Equation 3)H2CO3⇿H + + HCO ―3
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In the presence of C. vulgaris in the biocomposite coated disk, some of the HCO3- generated from the 
CO2 absorption in the liquid medium appears to be consumed by the cells, accounting for the lower 
percentage increase in HCO3- concentration of 3.5% over the 15 hours of run time. Interestingly, it 
appears that the immobilised microalgae in the biocomposite preferentially consumed the dissolved 
CO2 over HCO3-, as the dissolved CO2 was consistently significantly lower during the SDBR runs with 
the C. vulgaris biocomposite when compared to the control blank under the same conditions as 
observed in Figure 12C. On average the liquid medium contained 54.9±0.9 % less dissolved CO2 
when compared to the blank SDBR runs. The percentage difference increases to 70.3±9.6% when 
comparing the final 5 hours of the SDBR run, indicating the higher photosynthetic activity during this 
period. The CO2 biofixation rate equated to 144.05 mg hr-1 when calculated from the average 
difference in dissolved CO2 per hour between the biocomposite and blank. Nayak et al.52 reported a 
corresponding value of 41.6 mg L-1 hr-1 (996.4 mg L−1 d−1) or 83.2 mg hr-1 for their 2 L reactor volume 
when simultaneously supplying 1 vol.% CO2 and NaHCO3 . Given that the result reported by Nayak et 
al.52 was from a 2 L flat-panel photobioreactor compared to the C. vulgaris biocomposite surface 
area on the disc of 62.2 cm2, a considerable enhancement of CO2 biofixation is evident in the present 
study. The increased biofixation, the reduced unit area, and the reduced water consumption 
highlights the process intensification potential of SDBR. 
Figure 12. Results for experiment 1 (2 g L-1 NaHCO3 in liquid medium and 5% CO2 in air gas stream) 
conducted in a SDBR with a control blank disc and the C. vulgaris biocomposite A) Bicarbonate 
(HCO3-) B) Carbonate (CO32-) C) Dissolved carbon dioxide (CO2).
4.0 Conclusions
A methodology to integrate C. vulgaris microalgae into a porous paper biocomposite has been 
developed with the addition of chitosan which acts a biopolymer bridging structure and charge 
neutralizer to significantly improve the integration of the C. vulgaris cells within the paper matrix. A 
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comprehensive study was undertaken to assess and understand the effects of the constituent 
components of the C. vulgaris biocomposite paper (chitosan, MFC, cell loading and paper basis 
weight) on the photosynthetic reactivity of the microalgae biocomposite before and after 
desiccation and spinning at 2000 rpm. Increases in chitosan dosage, MFC content, and the total cell 
loading had the greatest positive impact on the maximum quantum efficiency of PSII photochemistry 
(Fv/Fm) of “fresh” C. vulgaris biocomposite, primarily due to the likelihood of more cells being close 
to the top surface at high cell loading to absorb the light energy. In the present study, the presence 
of chitosan may contribute to cell retention so that the incorporation of high levels of MFC content 
may not be so critical. After exposure to long periods of desiccation and shear stress, high recovery 
of photosynthetic reactivity was achieved especially at high chitosan levels and high total cell 
loading. It is postulated that, at higher chitosan dosage, a nitrogen rich barrier is formed to maintain 
the membrane integrity and fluidity after desiccation and storage in darkness whilst the mechanical 
strengthening properties of chitosan contributes to protecting the cells from high shear forces. 
This proof of concept study is the first attempt at demonstrating the feasibility of employing a 
photoreactive biocomposite-integrated spinning disc bioreactor for CO2 absorption. A spray adhesive 
was effective in providing strong adhesion of the paper biocomposite to the disc surface spinning at 
300 rpm whilst allowing the cells to retain a relatively high photoreactivity. Most importantly, 
practically all C. vulgaris cells in the biocomposite successfully remained attached to the disc 
throughout the 15-hour rotational period at 300 rpm indicating the high cell retention capability of 
the biocomposite structure. This is a significant achievement in the context of rotating biofilm 
technologies which generally must operate under gentle rotations below 20 rpm typically to prevent 
the microbial cells employed in wastewater treatment from detaching from the surface of biofilm 
structure. Providing a carbon source in the liquid medium in the form of NaHCO3 is conducive to the 
cells retaining high photoactivity after 15 hours in the SDBR whilst after exposure to only 5% gaseous 
CO2 in the SDBR, photoactivity drops significantly. This suggests that the non-availability of readily 
accessible CO2 in bicarbonate form may impact on cell viability.  
Overall, the enhanced CO2 biofixation by C. vulgaris in a much smaller biocomposite surface area in 
in the SDBR in comparison to conventional photobioreactors further highlights the process 
intensification potential of the SDBR for CO2 capture and utilization. In the long term, this technology 
could be developed to recycle gaseous pollutants (greenhouse gases) and facilitate many different 
types of microbial biotransformations of waste carbon gases at industrial scales with applications to 
valorization of not only CO2 but also syngas (CO), biogas (CH4), and volatile organic carbon (VOC) 
pollutants. 
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- Statistical analysis and modelling of biocomposite constituents on photoreactivity measured 
by PAM
- PAM imaging analysis of biocomposite exposed to different carbon sources in SDBR
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